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Anthracenea b s t r a c t
An organic salt composed 9,10-bis(4-aminophenyl)anthracene and hypophosphorous acid emits yellow-
green ﬂuorescence in the crystalline state. The salt also gives water inclusion crystal which provides
blue-green ﬂuorescence. Single X-ray crystal studies revealed that water molecules induced the ﬂuores-
cence change resulting from reaggregation of molecular packing.
 2013 The Authors. Published by Elsevier Ltd.Open access under CC BY-NC-ND license.Solid-state organic ﬂuorophores have attracted much attention
for potential applications in organic light-emitting diodes
(OLEDs),1 chemosensors, 2 and ﬂuorescent probes.3 So far, many
approaches to modulating the ﬂuorescence properties have been
investigated in order to produce attractive functionalities and
achieve better ﬂuorescence properties. For example, cocrystalliza-
tion4 and control of the crystal polymorph5,6 have been demon-
strated to result in ﬂuorescence changes. Furthermore, the
preparation of inclusion crystals is a versatile approach to includ-
ing guest-dependent ﬂuorescence properties.7 Hence, many efforts
have been focused on tunable ﬂuorescence behavior in the solid
state. However, it is still a challenge to understand the solid-state
ﬂuorescence properties, because there is intricate coordination
among various behaviors including, for example, the aggregation
of ﬂuorophores, molecular interactions, conformational changes,
and so on.
We have recently prepared organic salts composed of
9,10-bis(4-aminophenyl) anthracene (9,10-BAPA) and mineral
acids that allow control of the solid-state ﬂuorescence properties.8
It is inherently difﬁcult for 9,10-BAPA to form a closely packedanthracene arrangement. However, the salt formation results in
linkage of 9,10-BAPA molecules, allowing ﬁne regulation of the
molecular arrangement of the monomer and excimer in the crys-
talline state. Here, we demonstrate that this system has further
potential to provide new excited species owing to a stronger prox-
imity effect between ﬂuorophores in the crystalline state. A crystal
of 9,10-BAPA salt with hypophosphorous acid showed yellow-
green ﬂuorescence that is signiﬁcantly more bathochromic than
that of the previously reported excimer species (Scheme 1 and
Fig. 1). In addition, the salt also forms a water-inclusion crystal that
shows a different ﬂuorescence color (blue-green) associated with
the excimer emission. Surprisingly, these ﬂuorescence colors could
be changed dynamically as well as statically by adding moisture.
X-ray crystallographic analysis revealed that the ﬂuorescence
change is due to the different geometries of the anthracene moiety
in the crystalline state. In particular, the geometry was changed by
water-induced relaxation of strong hydrogen bonds between
9,10-BAPA and hypophosphorous acid.
Figure 1. (a) Photograph under UV irradiation (k = 365 nm) and emission and (b)
excitation spectra of crystals 1 and 2 and the salt in 1,4-dioxane (1.0  105 M).
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phosphorous acid to 9,10-BAPA in chloroform. The mixture was
then ﬁltered, and the resulting salt was washed with diethyl ether.
During crystallization of the salt, we found that slow evaporation
of anhydrous methanol solution in a desiccator at rt provided a
strip-shaped plate of yellow-green crystal (crystal 1). On the other
hand, slow evaporation of the methanol/water solution under
ambient conditions yielded a rectangular plate of colorless crystal
(crystal 2). Under UV light, crystals 1 and 2 emitted yellow-green
and bluish-green ﬂuorescence, respectively (Fig. 1a).
Figure 1b shows the emission and excitation spectra of the or-
ganic salt in crystalline state and solution. In the dilute solution
(1.0  105 M in 1,4-dioxane), the salt emitted blue ﬂuorescence
originating from the monomer species. Meanwhile, crystal 1
exhibited a broadened emission spectrum with a weak shoulder
around 460 nm (Fig. 1b). The maximum emission wavelength
(kem = 522 nm) was red-shifted approximately 30 nm with re-
spect to that of crystal 2. As compared with the excitation spec-
trum of the dilute solution, the spectrum of crystal 1 has a
large red-shift to 436 nm. These observations suggest that there
is a strong ground–state interaction between the ﬂuorophores
in crystal 1. A time-resolved emission spectroscopy (TRES) mea-
surement demonstrated that the ﬂuorescence of crystal 1
includes at least two broadened spectra (Fig. S2). In addition,
the emission of crystal 1 is more red-shifted than that of theTable 1
Photophysical properties of solution and crystals of the organic salt composed of 9,10-BA
Samples kema (nm) kexb (nm) UF sFe (ns)
Solution 459 397 0.283c 3.14 (100%)
Crystal 1 490 401 0.097d 7.04 (43.3%), 19.4 (5
Crystal 2 522 436 0.026d 3.69 (25.0%), 9.79 (5
a Maximum wavelengths of ﬂuorescence emission spectra excited at 340 nm.
b Maximum wavelengths of ﬂuorescence excitation spectra monitored at their respec
c Relative ﬂuorescence quantum yield. Standards used were 9,10-diphenylanthracene
d Absolute ﬂuorescence quantum yield.
e Fluorescence lifetimes excited at 352 nm.
f The average ﬂuorescence lifetime.
g The radiative rate constant.
h The nonradiative rate constant.well-known anthracene dimers.10 It is thus proposed that the
anthracene moieties of crystal 1 formed further p–p associations
beyond those present in the dimer species. As a result, yellow-
green ﬂuorescence of crystal 1 was derived from the ground–
state oligomer.
The emission spectrum of crystal 2 has a broad peak around
490 nm and a weak peak at 430 nm. The red edge of the excita-
tion spectrum is at 401 nm, which is in good agreement with that
of the dilute solution in 1,4-dioxanene (kex = 397 nm). In particu-
lar, the excitation spectrum of crystal 2 indicates that there is no
considerable interaction between ﬂuorophores in the ground
state. TRES measurement revealed that the emission of crystal 2
has vibrational and broadened structures (Fig. S2). This means
that the weak emission peak with a short lifetime is derived from
monomer emission. In addition, a slow decay component around
490 nm originates from excimer emission.8 Therefore, the ﬂuo-
rescence of crystal 2 should be attributed to a mixture between
the monomer and excimer. The radiative (kr) and nonradiative
(knr) rate constants were determined from the ﬂuorescence
efﬁciencies and the average value of the ﬂuorescence lifetimes
(Table 1). Although the ﬂuorescence of the crystals 1 and 2 con-
tain multiple components, the averagely calculated kr of crystal
2 is smaller than that of crystal 1. The difference is considered
to be the cause of excimer formation in crystal 2. These results
suggest that the ﬂuorescence of crystal 2 has sufﬁcient amounts
of an excimer species.
The crystal structures were evaluated by single-crystal X-ray
crystallographic analysis in order to explain the different ﬂuores-
cence properties.11 The analysis revealed that crystal 2 contained
2 equiv of water molecules, whereas there was no guest in crystal
1. In the crystalline state, the 9,10-BAPA molecules were orga-
nized into a laminar structure (Fig. 2) Within the layers, hypo-
phosphate ions formed charge-assisted hydrogen bonds with
the amino groups of 9,10-BAPAs. Oxygen atoms of hypophos-
phate ions in crystal 1 strongly caught the neighboring 9,10-BA-
PAs, where one oxygen atom formed two hydrogen bonds with
the two amino groups (black lines in Fig. 3a). However, the water
molecules in crystal 2 were incorporated into the hydrogen bond-
ing network and acted as cross-linkers between the amino group
and hypophosphate ions, as shown by the black lines in Figure 3b.
Therefore, inclusion of water molecules relaxed the strong hydro-
gen bond between the 9,10-BAPA and hypophosphate ions. Fur-
thermore, the strength of hydrogen bond appeared to have an
effective role in thermal properties. Thermal analyses (TG-DTA)
revealed that the crystals 1 and 2 decomposed without melting
(Fig. S3). The decomposition points of crystals are 201 and
180 C for crystal 1 and 2, respectively. Comparison of these val-
ues indicate the crystal 1 constructed more robust molecular
packing owing to the direct hydrogen bonds between 9,10-BAPA
and hypophosphorous acid.
There is steric hindrance between anthracene and aniline moi-
eties of 9,10-BAPA, so the anthracene moieties intrinsically preventPA and hypophosphorous acid
(sF)Tf (ns) kr  106g (s1) knr  107h (s1)
3.14 90.1 22.8
6.7%) 14.0 6.90 6.23
8.6%), 27.3 (16.4%) 11.1 2.33 8.75
tive emission peaks.
. UF = 0.95 in EtOH.9
Figure 2. Crystal structures, and molecular geometries of (a) crystal 1 and (b) crystal 2.
Figure 3. Hydrogen bond network (top) and correlation between the hydrogen bond and proximity of ﬂuorophores (bottom) in the crystalline state. (a) and (c) correspond to
crystal 1. (b) and (d) correspond to crystal 2.
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mation of strong hydrogen bonds, the anthracene moieties were
arranged in a face-to-face slipped column in crystal 1 (Fig. 2a).12
The distance between the anthracene moieties was calculated to
be 3.48 Å, which indicates the presence of p–p interactions. Mean-
while, the anthracene moieties in crystal 2 took a tilt–slide geome-
try (Fig. 2b and Fig. S4). This result accords well with our previous
studies on the excimer emission. As shown in Figure 2b, there was
no signiﬁcant overlap between the p-planes of the anthracenemoieties in crystal 2, although the nearest C–C distance between
anthracene moieties was 3.54 Å. This indicates that the proximity
of ﬂuorophores was prevented by the water molecules (Fig. 3c
and d).
The ﬂuorescence properties of crystal 1 were also dynamically
changed by moisture vapor. Exposure to water for 2 h caused the
ﬂuorescence to switch from yellow-green to blue-green (Fig. 4a
and b and Fig. S5). As shown in Figure 4c, powder X-ray diffraction
(PXRD) measurements demonstrated a dynamic transformation of
Figure 4. (a) Photographs under UV light (kex = 365 nm), (b) emission spectra, and
(c) PXRD patterns showing the ﬂuorescence switching from crystal 1 to crystal 2.
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2h = 6.14 (d = 14.4 Å) in the low-angle region, corresponding to
(020) planes (Fig. 2a). After the water adsorption, this peak disap-
peared and a new peak appeared at 2h = 5.66 (d = 15.6 Å). The new
peak is consistent with (100) planes in crystal 2 (Fig. 2b). These re-
sults suggest that the spaces between the layers were opened by
the adsorption of water, which led to the relaxation of proximity
effect between the ﬂuorophores. On the other hand, crystal 2
changes the molecular arrangement and the ﬂuorescence spectra
after water release. However, the crystal structure differs from that
of crystal 1 (Fig. S6). Hence, dynamic phase transition from crystal
1 to crystal 2 is irreversible. The external application of moisture
eventually induced a dynamic ﬂuorescence change following a
transition in the aggregation behavior of 9,10-BAPA. That is to
say, moisture vapor can be used to modulate the emission process
involving the ground–state oligomer and the excimer by changing
the anthracene arrangement. This result should be attributed to
the characteristic features of water, which is not only small but
also an active participant in hydrogen bonding. There is no re-
sponse to the moisture exposure in the cases of the organic salts
with different mineral acids (nitrate, chloride and phosphate).
Therefore, this is a particular phenomenon for the organic salt with
hypophosphorous acid.
In summary, an organic salt composed of 9,10-BAPA and hypo-
phosphorous acid efﬁciently enhanced the proximity of the ﬂuoro-
phores. Hypophosphate ions formed strong hydrogen bonds with
the amino groups of 9,10-BAPA, which led to a face-to-face slipped
column geometry of the anthracene moieties. Hence, the crystal
emitted yellow-green ﬂuorescence derived from the ground-state
oligomer, which is a new excited species in this organic salt sys-
tem. On the other hand, the color of the ﬂuorescence was changed
by water inclusion. In the crystalline state, the strong hydrogenbonds between 9,10-BAPAs and hypophosphate ions were effec-
tively prevented by the incorporated water molecules. Then, strong
interactions such as p–p interactions disappeared, and the water-
inclusion crystal instead showed blue-green ﬂuorescence originat-
ing from a mixture between the monomer and excimer. In this
way, the organic salt was a water-responsive ﬂuorescence mate-
rial. Consequently, despite the conformational constraints on the
ﬂuorophore, our approach using salt formation allowed ﬂexible
control of the molecular arrangement that could be used to vary
the emission process. We hope that this work will provide a useful
strategy for improving solid-state optical materials and designing
sensing system capable of memorizing chemical stimuli such as
wetting or exposure to volatile organic compounds (VOCs).
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